Xanthomonas oryzae pv. oryzae, the causal agent of bacterial leaf blight in rice, contains a regulator that is encoded in the genome, designated OryR, which belongs to the N-acyl homoserine lactone (AHL)-dependent quorum-sensing LuxR subfamily of proteins. However, we previously reported that X. oryzae pv. oryzae does not make AHLs and does not possess a LuxI-family AHL synthase and that the OryR protein is solubilized by a compound present in rice. In this study we obtained further evidence that OryR interacts with a rice signal molecule (RSM) and that the OryR concentration increases when rice is infected with X. oryzae pv. oryzae. We also describe three OryR target promoters which are regulated differently: (i) the neighboring proline iminopeptidase (pip) virulence gene, which is positively regulated by OryR in the presence of the RSM; (ii) the oryR promoter, which is negatively autoregulated independent of the RSM; and (iii) the 1,4-␤-cellobiosidase cbsA gene, which is positively regulated by OryR independent of the RSM. We also found that the RSM for OryR is small, is not related to AHLs, and is not able to activate the broad-range AHL biosensor Agrobacterium tumefaciens NT1(pZLQR). Furthermore, OryR does not regulate production of the quorum-sensing diffusible signal factor present in the genus Xanthomonas. Therefore, OryR has unique features and is an important regulator involved in interkingdom communication between the host and the pathogen.
The species Xanthomonas oryzae includes two pathovars, X. oryzae pv. oryzae and X. oryzae pv. oryzicola, which are pathogens of rice, are closely related, and were initially considered pathovars of Xanthomonas campestris (28) . X. oryzae pv. oryzae is a gram-negative rod-shaped bacterium that causes bacterial leaf blight (BLB), one of the most important diseases of rice. BLB is a vascular disease in which X. oryzae pv. oryzae grows and colonizes the xylem vessels, eventually clogging them; several virulence-associated determinants have been found, including exopolysaccharide production, hypersensitive response, and pathogenicity (hrp) genes (7, 20, 26) .
Many gram-negative bacteria possess a form of gene regulation involving cell-cell communication, also known as quorum sensing (QS) , that occurs via the production of and response to N-acyl homoserine lactone (AHL) signaling molecules. A typical AHL QS system is most commonly mediated by two proteins belonging to the LuxI and LuxR protein families; LuxI-type proteins are AHL synthases, and LuxRfamily proteins are modular sensor-response regulators. In an AHL QS system, AHLs interact directly at a high bacterial cell density (i.e., at a quorum concentration) with the cognate LuxR-type protein, and the protein-AHL complex can then bind at specific gene promoter sequences called lux boxes and affect expression of QS target genes (15) . AHL QS has been studied in many bacterial species and has been shown to provide a significant advantage to a community of bacteria by allowing it to adapt to environmental conditions, which enhances its defense against other microorganisms or eukaryotic resistance mechanisms (4, 34) .
X. oryzae pv. oryzae does not produce AHL QS signaling molecules; however, we recently reported that it possesses a protein, designated OryR, which is related to the LuxR family of AHL QS regulators (13) . In fact, OryR is a modular protein that has an AHL domain and a helix-turn-helix domain, both of which are typical of the LuxR-family subgroup of QS regulators (13, 15) . There is not a cognate AHL LuxI-family synthase gene in the genome, and therefore OryR can be considered an unpaired or orphan LuxR-type response regulator (14, 33) . OryR has been shown not to bind the most common AHLs; however, it appears to bind a compound present in rice plants. This conclusion was reached following the observation that the OryR protein was not solubilized by many of the structurally different AHLs but OryR solubilization occurred in the presence of rice extract (13) . It was also determined that OryR plays a role in X. oryzae pv. oryzae rice virulence since an oryR mutant is less able to cause the BLB symptoms (13) . A protein very similar to OryR, designated XccR, has been found in the plant pathogen Xanthomonas campestris pv. campestris, and this protein has been associated with X. campestris pv. campestris pathogenicity and regulates the neighboring proline iminopeptidase (PIP) virulence gene (pip) in planta (35) . Studies of the xccR/pip locus revealed that XccR associates with a plant factor and functions as a transcriptional activator that binds to the lux box present in the promoter of the pip gene.
Plants have been reported to produce compounds that are able to act as agonists or antagonists to bacterial AHL QS systems and hence have been called AHL mimics (2) . Halogenated furanones from the marine red alga Delisea pulchra, which are structurally similar to the C 4 -AHL molecule, were able to competitively bind the LuxR homologue proteins hav-ing inhibitory functions (16, 21) . Additionally, AHL mimics from the unicellular green alga Chlamydomonas reinhardtii and several other plants, including rice, were able to stimulate gene expression via LuxR-family AHL sensors/regulators (9, 29) . To date, the structure of these plant compounds is unknown, and the possibility that similar molecules are involved in interkingdom signaling with OryR of X. oryzae pv. oryzae and rice cannot be excluded.
In this study we obtained further evidence of the presence of a molecule in rice which interacts with OryR and showed that the amount of this molecule increases when rice is infected with X. oryzae pv. oryzae. We also obtained evidence that there are three OryR target genes and examined how these genes are regulated in response to the presence of macerated rice. It was also established that the OryR regulatory network does not affect production of diffusible signal factor (DSF), the signal molecule that was found in X. campestris pv. campestris, was characterized, and is present in multiple Xanthomonas species. OryR therefore has unique features and is an important factor in the plant-bacterium interaction through the detection of and response to a small diffusible plant compound. the preparations were incubated at 30°C for 10 min, and then 100 l of 25 mM p-nitrophenyl-␤-D-glucuronic acid (PNPG) (Sigma) was added. The reaction was stopped by adding 280 l of a 1 M Na 2 CO 3 solution after sufficient yellow color had developed. Both the optical densities at 595 nm (OD 595 ) of the X. oryzae pv. oryzae cultures and the OD 415 of the yellow color that developed after the ␤-glucuronidase reaction (OD 415 PNPG ) of the samples were determined, and 1 Miller unit of ␤-glucuronidase activity was defined as follows: 1 Miller unit ϭ 1,000 ϫ {[OD 415 PNPG Ϫ (1.75 ϫ OD 595 )]/(t ϫ v ϫ OD 595 )}, where t is the time of the reaction (in minutes), v is the volume of the culture assayed (in milliliters), OD 595 is the cell density just before the assay, and 1.75 is the correction factor. All measurements were done in triplicate.
Rice infection and xylem sap collection. X. oryzae pv. oryzae XKK.12 was grown on PS medium plates (30) at 28°C, and single colonies were transferred to liquid PYS medium (13) . A 1-day-old culture whose concentration was adjusted to 10 9 CFU/ml was used to inoculate 6-week-old rice plants (cultivar IR24) by the clipping method as previously described (13) . To collect xylem sap, infected plants were placed in a humid chamber after the dried blighted parts of the infected leaves were removed. Drops of the xylem were collected continously during the subsequent 8 h and placed in sterile tubes.
OryR overexpression and Western blot analysis. E. coli M15/pQEORYR (13) was grown in 10 ml of Luria-Bertani medium containing 20 l of xylem sap collected from X. oryzae pv. oryzae-infected rice plants. OryR expression was induced with 1 mM isopropyl-␤-D-thiogalactoside at an OD 600 of 0.6, and the preparation was incubated for 1 h at 28°C. The culture was rapidly chilled on ice, and soluble His 6 -OryR was extracted under native conditions according to the supplier's instructions (Qiagen). Proteins were transferred onto a polyvinylidene difluoride membrane (Immobilon-P; Millipore) using a tank system according to the manufacturer's instructions. The membrane was subjected to Western blot analysis using an anti-six-His-tag monoclonal antibody (BD Biosciences, San Jose, CA), and after incubation with a second horseradish peroxidase-labeled antibody, the protein was detected with 3,3Ј-diaminobenzidine tetrahydrochloride tablets (Sigma, St. Louis, MO).
DSF measurement. DSF signaling regulates the production of protease and endoglucanase in X. campestris pv. campestris (1) . The protease activities of the X. oryzae pv. oryzae XKK.12 parental strain and X. oryzae pv. oryzae XKK.12ORY were assayed on skim milk plates as previously described (1) . Endoglucanase activity was visualized on carboxymethyl cellulose agar plates due to the ability of crude DSF extracts from X. oryzae pv. oryzae to restore the DSF production of the X. campestris pv. campestris indicator strain (1). X. oryzae pv. oryzae XKK.12 and XKK.12ORY were grown in PYS rich medium, in rice medium, and in infected-rice medium. DSF was extracted from different culture volumes in order to normalize the number of cells of XKK.12 compared to the number of cells of X. oryzae pv. oryzae XKK.12ORY for each medium.
RESULTS
The presence of xylem sap that was collected from X. oryzae pv. oryzae-infected rice in the growth media increased OryR protein solubility. The OryR primary structure includes domains typical of QS LuxR-family regulators, including an AHL-binding domain at its N terminus and a helix-turn-helix DNA-binding motif at the C terminus. It was previously shown that when LuxR-family QS proteins are overexpressed, they are highly insoluble, while in the presence of and bound to the cognate AHL molecule, they are soluble (25, 31, 32) . OryR, like other LuxR-family regulators, was found to be highly insoluble, but it was soluble when it was expressed in E. coli grown in the presence of macerated rice (13) . Therefore, it was postulated that an unknown rice signal molecule (RSM) was present in the rice and was able to interact with OryR, solubilizing the protein. Many structurally different AHLs were unable to solubilize OryR, indicating that OryR likely did not bind AHLs (13) .
To verify the presence of the RSM and possibly to determine its concentration in infected rice, an OryR solubilization assay was performed using rice previously infected with X. oryzae pv. oryzae. As X. oryzae pv. oryzae is a pathogen that colonizes and infects the xylem, it is most likely that the RSM is present in VOL. 191, 2009 INTERKINGDOM SIGNALING IN X. ORYZAE 891 this part of the plant. Rather than using total macerated rice, which was done previously (13), we harvested the xylem sap from X. oryzae pv. oryzae XKK.12-infected rice plants 3, 6, 10, and 14 days after infection and from noninfected rice plants as a control, as described in Materials and Methods. E. coli M15/ pQEORYR overexpressing His 6 -OryR was then grown in the presence of xylem sap isolated at these four times. The presence of a soluble form of OryR was established via Western blot analysis using an anti-His 6 antibody. The largest amount of soluble OryR was found when bacteria were grown in the presence of xylem sap collected 10 days after X. oryzae pv. oryzae infection. This result indicated that in the xylem maximum concentrations of RSM and/or maximum OryR levels were reached approximately 10 days after X. oryzae pv. oryzae infection ( Fig. 1) . Gene promoter studies of the oryR/pip region: OryR regulates pip in response to an RSM. PIP production in X. campestris pv. campestris is regulated by XccR, a homolog of OryR (35) . The biological function of PIP is currently unclear; this enzyme can catalyze the removal of the N-terminal proline from small peptides or proteins and is widely distributed in bacteria. PIP in X. campestris pv. campestris has been shown to be a virulence factor as pip mutants were less pathogenic to cabbage because they were less able to spread and grow in the vascular system (35) . The pip gene in X. campestris pv. campestris and X. oryzae pv. oryzae is genetically linked to the xccR and oryR genes, respectively (Fig. 2) . Interestingly, pip promoters of both X. oryzae pv. oryzae and X. campestris pv. campestris contain well-conserved lux boxes typically found in AHL QS-regulated target genes in gram-negative bacteria. The putative lux box sequence in the X. oryzae pv. oryzae pip promoter is centered at position Ϫ71 from the start codon ( Fig. 2A) and was found to be highly similar to the experimentally deter- (35) . To verify that OryR is able to regulate the pip promoter in X. oryzae pv. oryzae, an IncW gusA promoter probe plasmid designated pSS122, which was stable in Xanthomonas, was constructed as described in Materials and Methods. The pip promoter was then cloned upstream of the promoterless ␤-glucuronidase reporter gene in pSS122, generating pPIP122. X. oryzae pv. oryzae strain XKK.12 and the oryR mutant derivative XKK.12ORYR carrying pPIP122 were grown under different conditions in the presence and absence of macerated rice. Our previous studies showed that no OryR protein was detected when X. oryzae pv. oryzae was grown in M9 minimal medium; however, the protein was highly expressed when macerated rice was added to the minimal medium, demonstrating that oryR expression was most likely induced in planta (13) . We observed, however, that the OryR protein was present when X. oryzae pv. oryzae was grown in PYS rich medium, indicating that some component(s) in this complex medium probably partially induced oryR expression. We therefore performed pip promoter activity studies using PYS rich medium with and without macerated rice; this ensured that OryR was always present and that the only difference was the presence of macerated rice.
It was determined that pip promoter activity in the wild-type strain was approximately five times higher when macerated rice was present in the medium, indicating that most likely a compound present in rice was pivotal for pip transcription. Significantly, no promoter activity under any of the conditions tested was detected in the X. oryzae pv. oryzae oryR mutant, indicating that the compound (RSM) present in macerated rice was necessary to activate the pip promoter via OryR (Fig. 3A) .
Having established that 10-day xylem sap from X. oryzae pv. oryzae-infected rice resulted in the greatest OryR solubilization (see above), we examined whether pip promoter activity increased further in the presence of infected rice in the growth medium. X. oryzae pv. oryzae XKK.12(pPIP122) cells were grown in medium containing macerated 10-day-old X. oryzae pv. oryzae-infected rice, and ␤-glucuronidase assays were then performed. As shown in Fig. 3A , the activity of the pip promoter in the presence of macerated, infected rice was approximately 10 times higher than the activity of the control, and there was a further twofold increase when uninfected macerated rice was used, confirming that rice infected probably contained larger amounts of RSM for 10 days recognized by OryR. No ␤-glucuronidase expression was observed in the oryR mutant X. oryzae pv. oryzae XKK.12ORY(pPIP122), further confirming that the pip gene was tightly regulated by OryR (Fig. 3A) .
To further verify that the pip promoter was also functional in planta, X. oryzae pv. oryzae XKK.12(pPIP122) was used for rice infection; bacterial cells were then recovered from rice plants 1 week after infection, and ␤-glucuronidase assays were performed. Although most of the bacterial cells recovered from the infected plants had lost the promoter probe plasmid, significant ␤-glucuronidase activity was detected, clearly indicating that there was a high level of pip promoter expression in planta (data not shown).
OryR negatively regulates its own expression in a rice-independent manner. In order to determine whether OryR was FIG. 3 . Gene promoter activity in X. oryzae pv. oryzae XKK.12 harboring the reporter plasmid and grown in different media with and without macerated rice. PYS, rich PYS medium; PYS-RiceMedium, PYS rich medium with macerated rice; Rice-Medium, macerated rice in distilled sterile water; Infected-Rice-Medium, rice which was infected with X. oryzae pv. oryzae for 10 days prior to maceration (see text for details). (A) pip gene promoter activity in X. oryzae pv. oryzae XKK.12 harboring the reporter plasmid pPIP122. The highest pip promoter activity was observed when X. oryzae pv. oryzae XKK.12(pPIP122) was grown in the presence of infected rice. No promoter activity was detected in the oryR mutant X. oryzae pv. oryzae XKK.12ORY(pPIP122). The results are expressed as means Ϯ standard deviations (n ϭ 3). * , P Ͻ 0.002 compared to the parental strain; §, P Ͻ 0.003 compared to the parental strain; #, P Ͻ 0.003 compared to the parental strain; †, P Ͻ 4 ϫ 10 Ϫ5 compared to the parental strain. (B) oryR promoter activity in X. oryzae pv. oryzae XKK.12(pORY122) and in the oryR mutant X. oryzae pv. oryzae XKK.12ORY(pORY122). The results are expressed as means Ϯ standard deviations (n ϭ 3). * , P Ͻ 0.002 compared to the parental strain; §, P Ͻ 0.012 compared to the parental strain; #, P Ͻ 0.002 compared to the parental strain; †, P Ͻ 0.001 compared to the parental strain. (C) cbsA promoter activity in X. oryzae pv. oryzae XKK.12(pCBS122) in different growth media. No promoter activity was detected in the oryR mutant X. oryzae pv. oryzae XKK.12ORY(pCBS122). The results are expressed as means Ϯ standard deviations (n ϭ 3). * , P Ͻ 6 ϫ 10 Ϫ5 compared to the parental strain; §, P Ͻ 0.002 compared to the parental strain; #, P Ͻ 2 ϫ 10 Ϫ4 compared to the parental strain; †, P Ͻ 3 ϫ 10
Ϫ4
compared to the parental strain. able to regulate its own activity, the ␤-glucuronidase assay was performed with PYS rich medium using X. oryzae pv. oryzae XKK.12 and the oryR mutant derivative XKK.12ORY containing the pORY122 plasmid, which had a transcriptional fusion of the oryR promoter with the promoterless uidA gene encoding ␤-glucuronidase. The expression from the oryR promoter was twofold higher in the X. oryzae pv. oryzae oryR mutant than in the wild-type X. oryzae pv. oryzae strain, showing that OryR acted as a negative autoregulator. The promoter activity profiles were similar with and without macerated rice in the medium (Fig. 3B ), indicating that OryR was able to negatively regulate its own expression and thus act as a transcriptional regulator in the absence of the RSM. 1,4-␤-Cellobiosidase expression is OryR dependent. 1,4-␤-Cellobiosidase (CbsA) catalyzes the hydrolysis of 1,4-␤-D-glucosidic linkages in cellulose, releasing cellobiose from the nonreducing ends of the chains. This hydrolytic enzyme was identified as one of the X. oryzae pv. oryzae secreted proteins involved in virulence, as the ability of X. oryzae pv. oryzae cbsA mutants to cause lesions in rice was reduced (19) . Our previous studies showed that the maximal production of secreted CbsA by X. oryzae pv. oryzae wild-type strain KACC10331 occurred when macerated rice was present in the culture medium in the presence of a functional oryR gene (13) .
To verify that OryR regulated the expression of cbsA, we performed the ␤-glucuronidase assays with X. oryzae pv. oryzae XKK.12 and with XKK.12ORY containing the pCBS122 plasmid, in which the cbsA promoter was cloned upstream of the promoterless uidA gene. Interestingly, the cbsA promoter activity in X. oryzae pv. oryzae wild-type strain XKK.12 in rich PYS medium was reduced approximately 50% when macerated rice was added to the medium; however, no ␤-glucuronidase expression was observed in the oryR mutant X. oryzae pv. oryzae XKK.12ORY(pCBS122) (Fig. 3C ). This result indicated that OryR regulated cbsA expression and hence 1,4-betacellobiosidase (CbsA) production independent of the RSM. The reduction in cbsA promoter activity in rice medium was surprising since the CbsA protein is most abundant when X. oryzae pv. oryzae is grown in the presence of macerated rice (13) . Therefore, the possibility that cbsA/CbsA expression is subject to posttranscriptional regulation cannot be excluded.
OryR does not regulate production of DSF: the QS signal molecule produced by X. oryzae pv. oryzae. QS has been reported to occur in X. campestris pv. campestris via a signaling molecule designated DSF (1, 27) . DSF has been identified as cis-11-methyl-2-dodecenoic acid and is encoded by the rpfF gene; DSF signaling is involved in the regulation of biofilm dispersal and the production of virulence factors (1, 12) . A two-component regulatory system designated RpfC/RpfG is involved in perception and transduction of the DSF signal to target genes (17) . Since X. oryzae pv. oryzae also contains the rpf cluster in its genome and produces DSF (6), it was of interest to determine whether OryR was involved in and connected with DSF production in X. oryzae pv. oryzae. Using a previously described DSF sensor strain (1), we established that DSF is produced in X. oryzae pv. oryzae XKK.12 and XKK.12ORY as described in Materials and Methods. The DSF levels were comparable in the wild-type and oryR mutant derivative, demonstrating that OryR was not involved in the regulation of QS via DSF production (data not shown). To further confirm that OryR was not involved in DSF production, the rpfF promoter controlling the DSF biosynthesis gene was cloned in pSS122 upstream of the promoterless uidA gene, generating pRPFF122. ␤-Glucuronidase assays were then performed with XKK.12(pRPFF122) and X. oryzae pv. oryzae XKK.12ORY(pRPFF122) cells. No differences in activity were observed under any of the growth conditions tested, further confirming that OryR does not regulate DSF production (data not shown).
We were also interested in determining whether DSF production in X. oryzae pv. oryzae was influenced by the presence of macerated rice in the growth medium. The results of extraction of DSF from X. oryzae pv. oryzae XKK.12 and XKK.12ORY grown in PYS rich medium, in rice medium, and in infected-rice medium established that there were no differences in DSF production between X. oryzae pv. oryzae XKK.12 and XKK.12ORY under any of the growth conditions tested (data not shown), meaning that DSF production most likely does not change in planta.
RSM is a small molecule that is probably not related to AHLs. Previous studies of OryR solubility showed that the RSM which was able to bind OryR was probably not an AHLtype molecule (13). This conclusion was based on the fact that structurally different AHLs could not solubilize OryR. To further confirm these data, we analyzed the OryR target pip promoter activity when structurally different AHLs (C 4 -, C 6 -, C 8 -, C 10 -, C 12 -, C 6 -3-oxo-, C 8 -3-oxo-, C 10 -3-oxo-, C 12 -3-oxo-, C 6 -3-OH-, C 8 -3-OH-, C 10 -3-OH-, and C 12 -3-OH-AHLs) were added to the culture medium at a final concentration of 2 M in independent experiments. No pip gene promoter induction was observed, and there was no competition for the OryR binding site, since the ␤-glucuronidase production by X. oryzae pv. oryzae XKK.12(pPIP122) cells was not reduced in the presence of both the RSM and any of the structurally different AHLs (Fig. 4) . To verify that the RSM was a small molecule, on September 12, 2017 by guest http://jb.asm.org/ media containing the RSM were fractionated by molecular size using progressive filtration (see Materials and Methods). A ␤-glucuronidase assay with X. oryzae pv. oryzae XKK.12(pPIP122) was then performed using the four fractions obtained, and the results clearly showed that strong pip promoter activation occurred only with the Ͻ1-kDa fraction, indicating the RSM was a small molecule (Fig. 5A) . The Ͻ1-kDa fraction was also tested using the oryR and cbsA promoters with X. oryzae pv. oryzae XKK.12 (pORY122) and XKK.12(pCBS122). It was determined that the two gene promoter activities measured using the ␤-glucuronidase reporter gene when X. oryzae pv. oryzae was grown in the presence of the Ͻ1-kDa fraction were statistically similar to the activity when X. oryzae pv. oryzae was grown in infected-rice medium (Fig. 5B) . RSM does not act as an AHL QS mimic. Several studies have reported that plants contain molecules that are able to activate bacterial AHL QS systems; however, the structure of these molecules is currently unknown (2, 17) . To examine whether RSM could act as an AHL mimic, activating a QS LuxR-family protein, A. tumefaciens NT1(pZLQR) was used as an AHL biosensor strain because of its ability to recognize a broad range of different AHL molecules (5). In the presence of an active AHL molecule, TraR activates transcription of the ␤-galactosidase reporter gene present in the pZLQR plasmid. A. tumefaciens NT1(pZLQR) was grown in the presence of the Ͻ1-kDa fraction containing the active RSM as described above. As a positive control, a mixture of different AHL molecules was added to the culture medium, whereas medium alone was used as the negative control. As expected, ␤-galactosidase activity was detected in the presence of AHLs, while no background activity was found in the medium alone. A statistically significant increase in ␤-galactosidase activity was observed in the presence of RSM (Fig. 6 ). This increase in activity did not appear to be significant. However, we cannot exclude the possibility that this fraction from the rice plant contained molecules able to weakly activate AHL QS systems.
DISCUSSION
In this study we demonstrated that the LuxR-family OryR regulatory protein present in X. oryzae pv. oryzae responds to a small RSM. OryR has the typical modular structure of QS LuxR-family response regulator proteins; at the N terminus it has an AHL-binding domain, and at the C terminus it has a helix-turn-helix DNA-binding domain. The primary structure of OryR, however, just like the primary structure of XccR of X. campestris pv. campestris, does not have sequence similarity in the AHL-binding domain at two highly conserved amino acids (Trp57 and Tyr61), which have been shown by structural analysis to be involved in AHL binding in TraR of A. tumefaciens (36) . Trp57 forms a hydrogen bond with the keto group of AHL, whereas Tyr61 is part of the ␤-sheet surface (the AHLbinding domain consists of an ␣/␤/␣ "sandwich") important for interactions with the fatty acyl chain of the AHL. The lack of conservation in these two important amino acids might have evolved to allow OryR to bind to a structurally different molecule present in the rice plant and to allow it to be involved in interkingdom signaling. Very recently, Zhang et al. (35) carefully investigated the presence of X. oryzae pv. oryzae OryRlike and X. campestris pv. campestris XccR-like proteins in other bacterial species and determined that related proteins form a distinct group that includes proteins from, for example, Pseudomonas syringae, Pseudomonas fluorescens, and Rhizobium leguminosarum. All the bacterial species possessing an OryR-related protein live in close association with plants; thus, FIG. 5. (A) pip promoter activity in X. oryzae pv. oryzae XKK.12(pPIP122) in rich medium in the presence of macerated rice or in different fractions of filtered macerated infected-rice medium. PYS, X. oryzae pv. oryzae with plasmid pPIP122 grown in rich PYS medium; Infected-Rice-Medium, X. oryzae pv. oryzae with plasmid pPIP122 grown in rice which was infected with X. oryzae pv. oryzae for 10 days prior to maceration; Ͻ1 KDa, X. oryzae pv. oryzae with plasmid pPIP122 grown in the presence of a filtrate from macerated rice that lacked all molecules larger than 1 kDa; 1-3 KDa, X. oryzae pv. oryzae with plasmid pPIP122 grown in the presence of a filtrate from macerated rice that included molecules with molecular masses ranging from 1 to 3 kDa; 3-10 KDa, X. oryzae pv. oryzae with plasmid pPIP122 grown in the presence of a filtrate from macerated rice that included molecules with molecular masses ranging from 3 to 10 kDa; Ͼ10 KDa, X. oryzae pv. oryzae with plasmid pPIP122 grown in the presence of a filtrate from macerated rice that included molecules with molecular masses larger than 10 kDa (see text for details). Promoter activity as determined by ␤-glucuronidase activity was detected only in the medium containing the Ͻ1-kDa fraction, indicating that the molecular mass of the RSM is less than 1 kDa. The results are expressed as means Ϯ standard deviations (n ϭ 3). §, P Ͻ 1.5 ϫ 10 Ϫ5 compared to the PYS value; #, P Ͻ 2 ϫ 10 Ϫ4 compared to the PYS value. Analyses in which the 1-3 KDa, 3-10 KDa, and Ͼ10 KDa values were compared to the PYS values revealed no statistically significant differences (P Ն 0.05). (B) The pip promoter, oryR promoter, and cbsA promoter activities in the Ͻ1-kDa fraction were assayed and compared to the ␤-glucuronidase activities obtained for X. oryzae pv. oryzae with plasmid pPIP122 grown in rich PYS medium and for X. oryzae pv. oryzae with plasmid pPIP122 grown in rice which was infected with X. oryzae pv. oryzae for 10 days prior to maceration (see above). The results are expressed as means Ϯ standard deviations (n ϭ 3). ␣, P Ͻ 5.7 ϫ 10 Ϫ5 compared to the PYS value; ␤, P Ͻ 2.1 ϫ 10 Ϫ5 compared to the PYS value; ␥, P Ͻ 8. it is reasonable to postulate that they might interact with similar plant-derived signal molecules. This work showed that the RSM was present in the xylem sap that was collected; experiments showed that the highest levels of OryR solubility were obtained by adding to the growth media xylem sap from 10-day-old X. oryzae pv. oryzae-infected plants. In addition, the OryR promoter activation of the pip target gene was greatest when macerated X. oryzae pv. oryzaeinfected rice was added to the growth media, which resulted in 10-fold activation, compared to the 5-fold activation observed when uninfected macerated rice was added. These results indicate that probably the RSM is present in rice at higher concentrations when the rice is infected by X. oryzae pv. oryzae, possibly due to a defense response to the infection. Plants are known to synthesize an extremely large set of low-molecularweight secondary metabolites in response to pathogen attack (10) , and it is therefore likely that the RSM interacting with OryR is one of these molecules. Since salicylic acid is known to be an important signaling molecule involved in microbial defense, we tested whether it could induce the OryR activity of the pip gene promoter. No induction was observed (data not shown); hence, we concluded that this molecule does not bind OryR. Very recently, it was reported that the algal compound riboflavin and its derivative lumichrome activate the QS LasR protein of P. aeruginosa (23) . As these compounds are also secreted by plant cells, we tested whether they could activate OryR by measuring pip promoter activity; we established that addition of neither of these compounds results in OryR activation (data not shown). Due to the very numerous low-molecular-weight secondary metabolites produced by plants, many of which are present at very low concentrations, identifying the molecule(s) that interacts with the OryR subfamily of LuxR-family regulators will be a major challenge. Most likely, the RSM is not related to AHLs since competition experiments with AHLs and RSM did not alter the ability of OryR to activate the pip promoter; in addition, it was previously determined that no AHL was able to solubilize OryR (13) .
In this study we found three target promoters of OryR. First, the pip gene target is adjacent to the oryR gene, and the pip promoter contains a very well conserved lux box. The oryR-pip locus with a lux box is very well conserved among plant-associated bacteria which possess an oryR-like gene (35) . The lux box in the pip promoter of X. campestris pv. campestris has been shown to be functional and regulated by XccR in planta (35) . The pip promoter in X. oryzae pv. oryzae is tightly positively regulated by OryR in response to the RSM, and due to the very high conservation with the xccR-pip locus of X. campestris pv. campestris it is very likely that the lux box is functional and that once OryR is bound to the RSM, it also binds to the lux box and directly activates transcription of the pip gene. The PIP enzyme was shown to be a virulence factor in X. campestris pv. campestris. We did not determine if it is also a virulence factor in X. oryzae pv. oryzae. However, due to the high level of identity of the two loci and because both X. oryzae pv. oryzae and X. campestris pv. campestris are vascular pathogens, it is very probable that in X. oryzae pv. oryzae PIP is also associated with virulence. Second, OryR negatively regulated its own transcription since there was a twofold increase in the oryR promoter activity in the oryR mutant; importantly, this increase was independent of the presence of rice extract, indicating that OryR can probably also influence transcription in the absence of the RSM. It is not known whether this OryR autoregulation is direct or indirect. We could not detect a clear lux box in the oryR promoter. However, this does not exclude the possibility that there is OryR direct regulation since lux boxes can have several sequence variations. Third, OryR regulated the expression of the 1,4-␤-cellobiosidase cbsA gene, which encodes a secreted hydrolytic enzyme involved in X. oryzae pv. oryzae virulence (19) . Our previous studies showed that in X. oryzae pv. oryzae oryR mutants there was significantly less CbsA in the extracellular medium (13) . The cbsA promoter displayed strong promoter activity in rich medium which was dependent on OryR since in the X. oryzae pv. oryzae oryR mutant the promoter activity was very significantly decreased; the reason for this is currently unknown. The cbsA promoter activity decreased by approximately 50% in the wild-type strain when macerated rice was added to the medium. The cbsA promoter was therefore positively regulated by OryR but, unlike the pip promoter, in a rice-independent way; again, we cannot exclude the possibility that OryR regulates the cbsA promoter indirectly as we could not detect a clear lux box in its promoter region. At present, we cannot explain the mechanisms of cbsA/CbsA regulation by OryR, and further studies are needed to determine whether OryR regulates a posttranscriptional mechanism in response to RSM which results in higher CbsA protein levels in the presence of rice extract. In summary, the three OryR promoter targets that we describe here are regulated differently, indicating that OryR can probably function with and without the RSM and act as a positive transcriptional regulator, as well as a negative transcriptional regulator.
QS in Xanthomonas has been associated with the DSF signaling molecule (18) ; thus, we were interested in determining whether OryR and DSF signaling are interconnected. We established that OryR was not involved in DSF production since the DSF synthesis and rpfF promoter activity of the X. oryzae pv. oryzae oryR mutant were not altered. Furthermore, we determined that the quantity of DSF did not change in the presence of macerated rice. We cannot exclude the possibility that DSF can regulate oryR/OryR levels. However, a recent genome-scale analysis of X. campestris pv. campestris revealed that DSF QS is not involved in the regulation of xccR (17) . It   FIG. 6 . ␤-Galactosidase activity in the A. tumefaciens NT1(pZLQR) AHL biosensor grown in the presence of the Ͻ1-kDa fraction obtained from macerated infected rice. Growth media with and without AHLs were used as positive and negative controls, respectively. The results are expressed as means Ϯ standard deviations (n ϭ 3). §, P Ͻ 0.004 compared to the NT1 value; #, P Ͻ 2.5 ϫ 10 Ϫ5 compared to the NT1 value.
is therefore reasonable to assume that it is very likely that in X. oryzae pv. oryzae DSF signaling does not regulate oryR. DSF cell-cell communication and OryR-RSM regulation therefore act independently and are not interconnected; however, the possibility that the two systems might have overlapping regulons cannot be excluded. Experiments described here also showed that the RSM is very small and does not interfere with and/or act as an agonist in AHL QS systems. This suggests that this member of the LuxR family, regardless of the conservation with AHL QS members, does not bind AHLs but binds an unknown RSM and is involved in interkingdom signaling.
